Amino acid (AA) requirements for sows during pregnancy are currently under review. However, requirement recommendations must be accompanied by an estimate of the bioavailability of AA from feeds to ensure adequate supply of AA and to minimize excess nitrogen excretion. Current ileal AA digestibility estimates are based on growing pig data; however, availability of AA in adult pigs may be different from that in growing pigs. The metabolic availability (MA) of threonine (Thr) in corn and barley was determined in 6 pregnant sows using the indicator AA oxidation method and
Introduction
Nutrient requirement recommendations and digestibility estimates for feed ingredients contained in the NRC (1) provide the basis for nutritional and feed formulation programs for all phases of swine production. Thus, it is important that recommendations and digestibility estimates reported in the NRC (1) accurately reflect nutrient requirements and feed quality evaluation estimates.
Until recently, research efforts have focused around the weaning and growing-finishing phases of pig production. Our laboratory has begun a reevaluation of the requirement for amino acids (AA) 7 during pregnancy in pigs (2, 3) . Recommendations for AA requirements should be combined with an accurate estimate of the ability of feed ingredients to meet the requirement. The most commonly used measure of the bioavailability of AA from feed ingredients is based on ileal digestibility estimates conducted in growing pigs (1) . However, recent evidence indicates that the standard ileal AA digestibility of feed ingredients is higher in pregnant sows than in growing pigs (4) .
Standard ileal digestibility values only represent the disappearance of AA from the gut and are dependent on accurate measurement of endogenous AA losses; however, accurate measurement of endogenous losses is difficult, particularly feed-specific endogenous losses (5) . Threonine (Thr) is particularly sensitive to measurement errors of endogenous losses due to its high concentration in mucus and mucous secretions into the intestinal tract (6) . Metabolic availability (MA), based on the indicator AA oxidation technique (IAAO), was developed in growing pigs as an alternative to ileal digestibility as a measure of AA bioavailability (7, 8) . MA reflects the proportion of dietary AA used for protein synthesis and includes all AA losses that occur during digestion, absorption, and metabolic utilization, including endogenous losses (7) .
The IAAO technique was used to determine the MA of Thr in corn and barley fed to pregnant adult sows. It was hypothesized that the MA of Thr in corn and barley fed to pregnant sows would be greater than the NRC (1) standard ileal digestibility estimates for corn and barley.
Materials and Methods
Animal care and experimental procedures were the same for Expt. 1 and 2 and were approved by the University of Alberta Animal Policy and Welfare Committee.
A dose-response study (Expt. 1) was conducted to determine the range of limiting Thr intakes that gave a linear response to IAAO necessary to determine MA. Six Large White 3 Landrace pregnant sows (parity 2, 53 d of gestation) with a mean body weight of 175 6 8 kg were randomly assigned within an unbalanced 6 3 3 Latin square design (6 sows, 3 levels of dietary Thr). Based on the results of Expt. 1, 6 additional pregnant sows (parity 1, 25 d of gestation) with a mean body weight of 145 6 6 kg were used to determine the MA of Thr in corn and barley relative to a highly digestible casein-based reference diet (Expt. 2) according to the standard curve assay described by Littell et al. (9) .
Diets and feeding. Pigs were fed twice daily except for collection days when one-half the daily feed allowance was separated into 12 one-halfhourly feedings. This protocol was necessary to simulate continuous infusion during isotope collection period (7) . The remaining one-half daily portion was fed following completion of the 6-h study period. All daily portions were consumed within 15 min.
Isonitrogenous, isoenergetic diets were formulated to provide all nutrients, except Thr, at .120% of requirements according to NRC (1) ( Tables 1, 2 ). Phenylalanine (Phe) concentrations were kept constant in all diets. Tyrosine was set at the level of at least 150% of the NRC (1) requirement to ensure no labeled Phe was used to meet the demand for tyrosine and to facilitate the channeling toward oxidation of any tyrosine formed from Phe (10) . The Thr reference diet was based on casein, cornstarch, and sugar and formulated to contain Thr at 20% of the NRC (1) Thr requirement. The requirement (~10 g/d Thr) was estimated using the NRC (1) program based on the sows' actual body weight at breeding, estimated maternal gain (40 kg), and litter size (13 piglets). To achieve increasing levels of dietary Thr, L-Thr was included at the expense of cornstarch and sugar. In Expt. 1, each sow received a series of 3 diets, in random order, with incremental increases in dietary Thr of~10%. The dietary Thr content ranged from 55-82% of the NRC (1) requirement. Sow daily feed intake was 2.3 6 0.1 kg/d; thus, the daily Thr intake ranged from 4.5 to 8.5 g/d among the 6 sows.
The levels of dietary Thr selected in Expt. 2 were based on the results of Expt. 1. Each sow received each of 4 diets, in random order, with dietary Thr set at 30, 45, 60, and 75% of the breakpoint as determined in Expt. 1. Corn and barley were added to the lowest reference diet (30% Thr) at the expense of sugar and cornstarch to achieve a daily Thr intake equivalent to the 75% Thr reference diet.
Sow feed intake was set to meet the individual daily energy intake requirement for each sow based on body weight and backfat at breeding to ensure adequate, but not excessive, consumption of energy during pregnancy (11) . Similar to Expt. 1, daily feed intake in Expt. 2 was 2.5 6 0.1 kg/d; therefore, daily Thr intake ranged from 2.0 to 4.5 g/d. In pigs of similar body weight, the physiological response to dietary nutrient is dependent on the actual intake of the nutrient. When feed intake varies, nutrient intake also varies; thus, the observed response is due to differences in actual nutrient intake rather than dietary nutrient level. Therefore, data were presented and analyzed as g/d rather than dietary percent (9) .
In both experiments, sows were adapted to the highest Thr reference diet within each study for 5 d each prior to collection days. Adaptation to each successive reference diet was 3 d, which is more than adequate adaptation for oxidation studies (12, 13) . In Expt. 2, sows were randomly assigned to 1 of 4 reference diets within an unbalanced 6 3 4 Latin square design. All sows were then fed the corn or barley test ingredient diet and allowed a 7-d adaptation period to the diet (14) prior to isotope administration and collection of expired air.
Administration of labeled AA and recovery of labeled CO 2 . All sows were subjected to repeated, one-half-hourly oral application of isotope over 4 h. The sows received 2 mg/kg body weight of L-[1-
13 C] Phe/h divided into 8 one-half-hourly feedings. A priming dose equal to 1.75 times the hourly dose was given along with the first one-half-hourly 4 Susenbeth et al. (24) . 5 Oxidation response for corn (or barley) divided by oxidation response for L-Thr.
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dose (12) . The pigs consumed all the feed provided prior to administration of the next one-half-hourly feed allowance. Apparent oxidation of indicator AA was measured in an aliquot of CO 2 from expired air following isotope administration. Two independent airtight respiration chambers (2.0 m 3 ) were constructed in a temperature-controlled room, each using a standard farrowing crate with a rear door for the sows to enter and exit the chamber and a Plexiglass side window. Access to the sows was through a removable piece of Plexiglass on top of and near the front of the chamber. Sows were placed in the respiration chambers 30 min before the breath collection began to allow the air in the chamber to equilibrate with the ventilating air stream. Each respiration chamber was fitted with a 10-cmdiameter capped polyvinyl chloride tube, which allowed feed to be dropped into the feeder, and a nipple drinker for ad libitum access to fresh water. The chambers were designed with 2 air inlets, each consisting of 2.5-cm-diameter acrylonitrile butadiene styrene pipe the length of the chamber with 1.3-cm holes drilled approximately every 30 cm and capped at the opposite end. Ambient air was drawn through the chambers by rotary vane pumps (Gast Model 1023, Gast Manufacturing). Air flow was set at 240 L/min to maintain CO 2 concentration below 1.0%.
The CO 2 in ambient air was measured using nondispersive nearinfrared analyzers (Qubit Systems). Expired air was collected in 30-min intervals into 11 mL 1 mol/L NaOH solution. Background 13 CO 2 enrichment was measured for three 30-min periods prior to administration of isotope.
Analytical procedures. Expired air was analyzed for 13 CO 2 on a dual inlet isotope ratio mass spectrometer (20/20 isotope analyzer PDZ Europa) using techniques previously described (15) . Expired air 13 CO 2 enrichments were expressed as atom percent excess (APE) over a reference standard of compressed CO 2 gas. Background 13 CO 2 enrichment was subtracted from the infusion 13 CO 2 enrichment to obtain final plateau enrichment. A single plateau 13 CO 2 enrichment value for each pig-diet combination was determined using the data points where the slope of the linear regression line was not significantly different from zero. This was achieved within 120 min from the start of isotope administration. The Phe oxidation rates were expressed as a percentage of the infused dose. where FCO 2 = rate of CO 2 production (mL/min) and ECO 2 = 13 CO 2 enrichment in expired air at isotopic steady state (APE). The constants 30 min and 42.3 mmol/mL convert FCO 2 to mmol/30 min and the factor 100 changes APE to a fraction. The constant 0.82 accounts for 13 CO 2 retained in the body because of bicarbonate fixation (17) .
Calculations
Statistical analysis. All data were analyzed using SAS Statistical software (version 9.1; 2002, SAS Institute). In Expt. 1, the linearity of response to Thr intake was analyzed using linear, quadratic, and cubic regression to determine the model of best fit. Where a quadratic or cubic regression was the model of best fit, the NLMixed procedure was used for broken-line regression analysis to determine a breakpoint (i.e. AA requirement) and the 95% CI (18). The method described by Fadel (19) was used to determine the starting parameter (the breakpoint and slope of the line below the breakpoint) estimates for the NLMixed analysis.
Thr intake was expressed as the intake above that provided by the base diet (9) with the lowest Thr level (30%). Covariance analysis (SAS Institute) was used to test whether Thr intake (g above base) had a significant effect on the oxidation response to different sources of dietary Thr. The effect of Thr intake on Phe oxidation was estimated using the PROC MIXED procedure with "pig" as random variable. Nesting Thr intake within type of Thr addition (e.g. L-Thr or Thr in corn or barley) gave the change (slope) in Phe oxidation per gram of Thr for each type of Thr addition. The MA of Thr in corn and barley was calculated by dividing the slope for Thr for the respective feedstuff by the slope for L-Thr. Collection day and body weight were tested as covariates with main effects but were not significant. Results were expressed as least squares means 6 SE and P # 0.05 was considered significant.
Results
Litter size was 12.6 6 1.4, similar to the expected litter size. Energy intake and heat production were 35 6 0.3 and 34 6 1.4 MJ/d; thus, sows were in a positive energy balance.
Linearity of response to Thr intake. In Expt. 1, oxidation of excess L-[1- 
Discussion
MA is based on the change (slope) in indicator oxidation in response to different levels of test AA from a protein-bound AA source compared with that from the addition of crystalline test AA. In the presence of a limiting essential AA, protein synthesis is inversely related to oxidation of the indicator AA (20) . Thus, the oxidation of the indicator AA indicates that the rate of whole body protein synthesis is driven by the limiting AA. The labeled CO 2 represents an end product of protein metabolism; thus, MA reflects all AA losses incurred through digestion, absorption, and metabolism (7) .
The determination of MA using the standard curve assay assumes a linear response to increasing test AA (21) . Three levels of the independent variable (i.e. test AA) are sufficient to define the linear response area for bioavailability studies (22) . Furthermore, to ensure a linear response, the upper limit of AA intake should be no more than 80% of the subject's requirement or 2 SD below the mean population requirement (7). The recommended daily Thr requirement for the sows used in Expt. 1 was 10 g/d (1); therefore, in Expt. 1, the test Thr intake ranged from 4.5 to 8.5 g/d. However, the response to increasing Thr intake was quadratic rather than linear, suggesting that the daily requirement in the sows used may be lower than expected. Nonlinear regression analysis determined a breakpoint at 6.3 g/d. Although the range of Thr intakes in Expt. 1 was insufficient to confidently determine the daily Thr requirement, the results suggested that Thr intakes , 5.0 g/d would be necessary to ensure a linear response to increasing Thr intake. In Expt. 2, when Thr intake ranged from 2 to 4.5 g/d, a significant linear response was observed and the quadratic model was not significant; thus, the assumption of linearity was satisfied.
The comparison of the slope of the response from a test protein source to the slope of the response to a defined reference protein source represents relative values only (23) . In this study, the basal diet was based on casein with incremental increases in crystalline Thr. The true ileal digestibility of crystalline AA and casein are assumed to be 100% (24, 25) . Thus, the slope of the IAAO obtained with the crystalline form of the test AA represents the maximal unit increase (i.e. 100%) in protein synthesis. Therefore, the determined MA is relative to 100% MA of the test AA. Corn and barley were added in amounts equivalent to supply~4.5 g/d Thr (~75% of the breakpoint). Moderate AA deficiency (70-90%) does not affect efficiency of AA utilization (26) ; therefore, the observed results were not likely an artifact of very low AA intake.
The increase in indicator oxidation when protein-bound Thr from corn and barley was substituted for an equivalent amount of crystalline Thr indicated that the Thr in corn and barley was less metabolically available than from crystalline Thr. The MA of Thr in corn (88.0%) and barley (89.3%) fed to pregnant sows in the current study were 7 and 9% greater than the NRC (1) standard ileal digestibility of Thr in corn (82%) and barley (81%), respectively. The ileal digestibility values reported within NRC (1) are a compilation of numerous sources and are the standard values used for practical diet formulation and against which measured digestibility estimates are compared. Previous authors have also suggested that pregnant sows have a greater capacity to digest and utilize protein-bound AA compared with growing pigs (4, 27, 28) . The total tract digestibility of crude protein from a complete diet was 14% (27) and 6% (28) greater in pregnant sows than growing pigs. The standard ileal digestibility of crude protein and AA of individual feed grains was 10% greater in pregnant sows but ranged from 1.7 to 16% (4).
There are 2 primary differences between the MA estimate determined in sows in the current study and the NRC (1) ileal digestibility values determined in growing pigs: age and dry matter intake as a proportion of body weight. Age may play a role in the greater availability of AA in adult sows, because an increase in digestion and absorption occurs as a result of the greater bacterial colonization of the lower small intestine in mature animals. Bacterial digestion of both dietary and endogenous protein may increase AA recycling in the gut (29) and thus the availability of AA for metabolic processes.
Dry matter intake influences digesta retention time and endogenous losses. Feed intake typically used during digestibility studies conducted using growing pigs is 90-100 g/kg body weight 0.75 (33 maintenance). However, pregnant sows are typically restricted to 2.0-2.5 kg/d, which relates to~60 g/kg body weight 0.75 (1.23 maintenance energy requirement). The lower dry matter intake as a proportion of body weight can influence digestibility measurements through a decrease in digesta transit time and through reduced endogenous secretions. As dry matter intake decreases, digesta transit time also decreases (1), allowing increased contact time between digesta and digestive enzymes; thus, digestibility increases.
The standard curve assay described by Littell et al. (9) requires only 1 level of the test ingredient with .2 levels of nutrient in the basal diet for estimation of a reference slope. In the current study, the reference slope was based on 4 Thr levels. For estimation of the response slope for the test ingredient, the lowest level of nutrient in the basal diet becomes the second inclusion level of the test ingredient (essentially "0" inclusion). The slope of the response to the test ingredient is then determined based on 2 points. Littell et al. (9) cautions against the use of simpler assay designs, such as the standard curve or 3-point assay, unless the assumptions of linearity of response and common intersection of the regression lines are known to be valid. The assumption of linearity holds true when the test AA intake is ,80% of the AA requirement (7) . The validity of the assumption of intersection of the regression lines has been demonstrated using the slope-ratio assay and multiple levels of test ingredient inclusion in bioavailability studies similarly designed to the current study (30, 31) . Therefore, the MA estimates determined in the current study are meaningful and provide important information for the formulation of pregnant sow diets.
Our purpose in this study was not to determine the Thr requirement of sows in early gestation; however, the quadratic response to increasing Thr intake (Expt. 1) indicated a lower daily Thr requirement than recommended. A Thr requirement in early gestation lower than NRC (1) A lysine requirement lower than the current NRC (1) recommendations in early gestation has also been reported (3, 33) . Although the maximum Thr intake used in the current study (4.5 g/d) to determine MA equated to~50% of NRC (1), this Thr level more likely represents 75-90% of the Thr requirement.
An increase in AA availability with pregnancy has practical consequences for pig nutrition. Although the current results are in relation to Thr availability, similar research (4,27,28) would suggest an~10% increase in AA and protein digestibility from common ingredients in adult sows. In practical pig nutrition, where sow feed represents 20% of the total feed cost (34), a 10% increase in AA and protein availability can provide substantial savings in feed costs. Using ileal digestibility values determined in growing pigs to formulate sow diets may lead to overfeeding of sows with protein and can negatively affect overall production efficiency through increased cost and excess nitrogen excretion.
